Introduction
============

The anaphase-promoting complex/cyclosome (APC/C)[^3^](#FN4){ref-type="fn"} ([@B1], [@B2]), a ubiquitin E3 ligase complex, plays crucial roles in late mitosis and during G~1~ phase by degrading cell cycle-related proteins such as cyclins, Plk1, and Skp2. The temporal cell cycle specificity of APC/C is achieved by activation of two closely related activators, Cdc20 and Cdh1, which facilitate the recruitment of substrates and ubiquitination by the core complex ([@B3][@B4][@B5]). Cdc20 and Cdh1 are members of the Cdc20 protein family and contain seven WD40 repeats in their C-terminal domains ([@B6]). These repeats form a seven-blade propeller structure that mediates protein-protein interactions. In early mitosis, APC/C binding to Cdc20 leads to the initiation of anaphase. In contrast, association with Cdh1 in late mitosis maintains APC/C activity throughout the subsequent G~1~ phase ([@B3][@B4][@B5], [@B7][@B8; @B9; @B10][@B11]). Both activators are essential and confer substrate specificity to APC/C activity, which in turn determines the timing of degradation for each target. Therefore, one important way that APC/C activity is governed is through the regulation of these activators. However, such regulation has not been thoroughly investigated in mitotic exit and during the G~1~ phase of the cell cycle.

Damaged DNA-binding protein 1 (DDB1) was initially identified as part of a heterodimer, which includes damaged DNA-binding protein 2 (DDB2). This heterodimer tightly associates with DNA following UV damage ([@B12]) and functions in nucleotide excision repair. DDB1 has since been shown to function outside of nucleotide excision repair as an adaptor molecule for the Cul4 ubiquitin E3 ligase complex. DDB1 facilitates the binding of substrates to the Cul4-Roc1 complex and the ubiquitination of selected proteins ([@B13]). Thus, as an E3 ligase capable of degrading cyclin E, p27, and Cdt1, DDB1 plays a key role in the normal cell cycle and in response to DNA damage ([@B14][@B15; @B16; @B17; @B18][@B19]). Recently, numerous proteins containing WD40 domains have been identified that interact with Cul4-DDB1 ([@B20][@B21; @B22][@B23]). However, the function and physiological significance of the interaction between DDB1 and most of the WD40-containing proteins remain unknown. Herein, we report that DDB1 may have a novel role, independent of the Cul4-DDB1 complex, in normal mitotic exit, at least partially by regulating APC/C^Cdh1^ activity.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Cell Lines

Cells (HeLa, U2OS, HepG2, and CNE2) were cultured in Dulbecco\'s modified Eagle\'s medium (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone), 1 m[m]{.smallcaps} glutamine, and 100 units/ml each of penicillin and streptomycin.

#### Plasmids

Human Myc-Cdh1 and Myc-Cdc20 ([@B24]) were gifts from Dr. James Hsieh (Washington University in St. Louis). V5-tagged DDB1 ([@B25]) was a gift from Dr. Helen Piwnica-Worms (Washington University in St. Louis). Mutations were introduced using the QuikChange site-directed mutagenesis kit (Stratagene), and all mutations were verified by DNA sequencing.

#### Antibodies

Human anti-Cdh1, anti-Cul4A, anti-Plk-1, anti-Aurora A, and anti-Cul4B anti-DDB1 antibodies were obtained from Abcam. Other primary antibodies used for Western blotting, which included anti-Cdt1, anti-hemagglutinin, anti-glyceraldehyde-3-phosphate dehydrogenase, anti-Cdc20, anti-Skp2, anti-geminin, anti-anillin, and anti-Cdc27, were obtained from Santa Cruz Biotechnology. Anti-Myc (A-14 or M10E, Santa Cruz Biotechnology) and anti-V5 (Sigma) were used for tagged proteins. Bound primary antibodies were detected with either horseradish peroxidase-conjugated goat anti-mouse antibody or horseradish peroxidase goat anti-rabbit antibody (Sigma), and proteins were visualized by chemiluminescence.

#### Transfection Experiments

Transfection was performed as described previously ([@B26]). Briefly, asynchronously growing cells were seeded at 2.5 × 10^5^ cells per well of a 6-well tissue culture plate or at 1 × 10^6^ cells/100 mm in a tissue culture dish and were transfected with 2 μg or 10 μg plasmid DNA, respectively, using Lipofectamine^TM^ 2000 (Invitrogen).

#### RNA Interference Treatment

Knockdown of Cdh1, DDB1, or Cdc27 was accomplished using SMARTpool siRNA (Dharmacon). Cul4A, Cul4B, and FBW5 ([@B22]), DDB2 ([@B27]), and β-TrCP ([@B28]) siRNA were designed according to previously validated oligonucleotides and synthesized by Invitrogen. Approximately 2 × 10^5^ HeLa cells per well were seeded in a 6-well tissue culture dish the day before transfection. Transfection was performed according to the manufacturer\'s instructions using Lipofectamine^TM^ RNAiMAX transfection reagent (Invitrogen) and 100 n[m]{.smallcaps} siRNA. Forty-eight hours post-transfection, cells were harvested in MCLB (50 m[m]{.smallcaps} Tris-HCl, pH 8.0, 2 m[m]{.smallcaps} dithiothreitol, 5 m[m]{.smallcaps} EDTA, 0.5% Nonidet P-40, 100 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} microcystin, 1 m[m]{.smallcaps} sodium orthovanadate, 2 m[m]{.smallcaps} phenylmethylsulfonyl fluoride, protease (Sigma) supplemented with a phosphatase inhibitor mixture (Calbiochem)). For rescue experiments, a single oligonucleotide of Cdh1 ([@B29]), synthesized by Dharmacon, was used and transfected as above for 24 h; then, vectors Myc-Cdh1 and Myc-Cdh1-dCB-dIR were transfected using Lipofectamine^TM^ 2000 (Invitrogen) for 24 h.

#### Western Blotting and Immunoprecipitations

These procedures were performed as described previously ([@B26]). Briefly, cells were lysed in MCLB, and the clarified lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes for Western blotting using ECL detection reagents (Beyotime Co.). Alternatively, the clarified supernatants were first incubated with anti-Myc-agarose (Santa Cruz Biotechnology) or anti-V5-agarose (Sigma) for 1--2 h at 4 °C, and precipitates were washed four times with MCLB. To investigate the interaction between DDB1 and Cdh1 at the endogenous level, the clarified supernatants were first incubated with anti-Cdh1 or anti-DDB1 for 1--2 h at 4 °C. Then, protein A/G-agaroses were added for another 1 to 2 h, and precipitates were washed four times with MCLB and analyzed by Western blotting.

#### Synchronization of HeLa Cells

This method was described previously ([@B26]). Briefly, HeLa cells were cultured in the presence of 60 ng/ml nocodazole for 12--15 h, and mitotic cells were isolated by mitotic shake off. Cells were washed twice with phosphate-buffered saline and cultured for 2, 3, 4, or 5 h. Cells were collected and analyzed by flow cytometry and Western blotting.

#### Flow Cytometry

The procedure was detailed previously ([@B26]). Briefly, cells were harvested by trypsinization and collected by centrifugation. Cells were washed once with phosphate-buffered saline and fixed in 5 ml of 70% ethanol at 4 °C. Cells were washed once with phosphate-buffered saline/1% bovine serum albumin and then incubated with 1 ml of phosphate-buffered saline/1% bovine serum albumin containing 30 μg/ml propidium iodide and 0.25 mg/ml RNase A for 1 h at room temperature. Cells were analyzed for DNA content by flow cytometry using a FACS (fluorescene-activated cell sorter) Cytomics FC 500 (Beckman). The data were analyzed using Multicycle AV for Windows (Beckman).

#### RNA Extraction and Reverse Transcription PCR

The cells transfected with DDB1, DDB2, FBW5, β-TrCP, or scrambled siRNA for 48 h were collected, and RNAs were extracted using TRIzol (Invitrogen) according to the manufacturer\'s instructions. The primers used for amplifying FBW5 and β-TrCP were as follows: FBW5-F, 5′-CGCTGGACCACGTCATAGACA-3′; FBW5-R, 5′-CTGGGGACTGAAGACCACTGAG-3′; β-TrCP-F, 5′-AATCCTCATCTGGGACTTCCT-3′; and β-TrCP-R, 5′-CTGTTGTTGCTCATCCTGGTA-3′.

RESULTS
=======

### 

#### DDB1 Binds with WD40 Domains of Cdh1 through Its PBA and PBC Domains

DDB1 is a key component of G~2~/M checkpoints and was recently found to associate with multiple WD40-containing proteins ([@B23]). Cdh1, a WD40-containing protein, is an activator of APC/C. APC/C^Cdh1^ was recently shown to be important in response to DNA damage in G~2~ cells ([@B28]). Therefore, we speculated that DDB1 may bind Cdh1. To test this hypothesis, Myc-tagged Cdh1 was cotransfected with V5-tagged DDB1 into HeLa cells, and reciprocal coimmunoprecipitation using anti-Myc and anti-V5 was performed. As shown in [Fig. 1](#F1){ref-type="fig"}, *A* and *B*, the complex containing these two proteins was clearly detected in the cell lysates. Interestingly, Cdc20, a WD40-containing protein, which is another activator of APC/C, did not form a complex with DDB1 ([Fig. 1](#F1){ref-type="fig"}*C*), which is consistent with the previous report by He *et al.* ([@B23]). To further confirm the association between DDB1 and Cdh1, we examined this interaction at the endogenous level using coimmunoprecipitation. As shown in [Fig. 1](#F1){ref-type="fig"}*D*, the endogenous complex between DDB1 and Cdh1 was clearly detected using either anti-Cdh1 or anti-DDB1 in HeLa cells. These results indicate that DDB1 specifically and physically interacts with Cdh1 in cells.

![**DDB1 interacts with Cdh1 but not Cdc20.** *A*, *B*, and *C*, HeLa cells transfected with the indicated plasmids for 24 h were lysed with MCLB, and immunoprecipitation (*IP*) using anti-Myc (*A* and *C***)** or anti-V5 (*B*) was performed. Analysis by Western blotting was conducted with the indicated antibody. *D*, HeLa cells were lysed with MCLB, and lysates were subjected to immunoprecipitation using anti-Cdh1 or anti-DDB1 (*n* = 3). *WCL*, whole cell lysate; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.](zbc0281020570001){#F1}

As expected, Cdh1-WD40, the WD40 domains of Cdh1, demonstrate a similar association with DDB1 as wild type Cdh1. In contrast, the N-terminal domain of Cdh1, Cdh1-(1--155) fragment, which contains a destruction box, A-box, C-box, and phosphorylation sites ([@B2], [@B30][@B31][@B32]), lacks the capacity to bind DDB1, as shown in [Fig. 2](#F2){ref-type="fig"}*B*.

![**Mapping of the binding domains for DDB1 and Cdh1.** *A*, schematic description of the domains of Cdh1 and DDB1. *B*, the indicated plasmids of Cdh1 were cotransfected with V5-DDB1 (*n* = 3). *C* and *D*, the indicated constructs of DDB1 were cotransfected with Myc-Cdh1; and the formation of immunoprecipitation (*IP*) complex (*B*, *C*, and *D*) was detected as described in [Fig. 1](#F1){ref-type="fig"} (*n* = 3). *WCL*, whole cell lysate; *aa*, amino acid; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase; *CB*, c-box; *IR*, IR-tail.](zbc0281020570002){#F2}

DDB1 is a large multidomain protein featuring an independent β-propeller domain (BPB), which is flexibly connected to a clam-shaped double propeller fold (BPA-BPC) ([@B20], [@B33]). To evaluate the domain responsible for DDB1 binding with Cdh1, we generated various DDB1 mutants, including deletions of BPA (V5-DDB1-dBPA), BPB (V5-DDB1-dBPB), BPC (V5-DDB1-dBPC), or BPA plus BPC (V5-DDB1-BPB), as shown in [Fig. 2](#F2){ref-type="fig"}*A*. The binding of DDB1 with Cdh1 is only partially reduced in the BPC deletion mutant but is completely abolished when both BPA and BPC are absent, as shown in [Fig. 2](#F2){ref-type="fig"}, *C* and *D*. This observation indicates that the clam-shaped double propeller fold formed by BPC and BPA is a crucial domain for DDB1 binding with Cdh1.

#### Knockdown of DDB1 Stabilizes the Substrates of APC/C^Cdh1^

Cdh1 is one of the activators of APC/C ubiquitin E3 ligase and recruits the substrates of APC/C^Cdh1^ for ubiquitination, and DDB1 along with Cul4 forms an E3 complex. We attempted to test whether the interaction between DDB1 and Cdh1 affects their E3 ligase activities. As shown in [Fig. 3](#F3){ref-type="fig"}*A*, two representative substrates of APC/C^Cdh1^, Skp2 and Plk1, were stabilized in HeLa cell siRNA knockdowns of either DDB1 or Cdh1. This observation was also confirmed in multiple cell lines, including U2OS, HepG2, and CNE2 ([Fig. 3](#F3){ref-type="fig"}*B*, data not shown). Predominantly degraded by the Cul4-DDB1 complex in response to UV-induced DNA damage, Cdt1 was utilized to monitor the E3 ligase activity of DDB1. Interestingly, Cdt1 was only stabilized by knocking down DDB1 but not by Cdh1 siRNA when cells were exposed to UV ([Fig. 3](#F3){ref-type="fig"}*C*). Taken together, the interaction between DDB1 and Cdh1 may be important for the functions of APC/C^Cdh1^ but not of Cul4-DDB1.

![**Depletion of DDB1 stabilizes Skp2 and Plk1, but knockdown of Cdh1 has no effect on the E3 ligase activity of DDB1.** HeLa (*A*) or U2OS (*B*) cells were transfected with Cdh1 or DDB1 siRNA for 48 h, and extracts were separated by SDS-PAGE and analyzed by Western blotting with the indicated antibodies (*n* = 3). *C*, HeLa cells were transfected with Cdh1 (*si-Cdh1*) or DDB1 siRNA (*si-DDB1*) for 48 h and then were exposed with 20 J/m^2^ UV and incubated for 3 h prior to analysis by Western blotting with the indicated antibodies (*n* = 3). *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.](zbc0281020570003){#F3}

To further extend this observation, more substrates of APC/C^Cdh1^, including Cdc20, Aurora A, anillin, geminin, and Bub1, were tested in HeLa cells depleted of DDB1 by siRNA. As shown in [Fig. 4](#F4){ref-type="fig"}*A*, the depletion of DDB1 resulted in accumulation of all substrates tested, indicating that DDB1 may regulate the activity of APC/C^Cdh1^ by binding with Cdh1. Given that DDB1 depletion can induce DNA damage and G~2~/M arrest ([@B34]) and that APC/C^Cdh1^ substrates periodically oscillate during the cell cycle, such effects of DDB1 on APC/C^Cdh1^ substrates may result from the difference of the cell cycle profile treated by DDB1 siRNA. To exclude this possibility, the well characterized Chk1 inhibitor Gö6976, which is capable of abrogating the G~2~/M checkpoint induced by DNA damage ([@B35], [@B36]), was used to diminish the difference in cell cycle profiles under the treatments of DDB1 or scrambled siRNA. The stabilization of APC/C^Cdh1^ substrates by depleting DDB1 was still clearly observed when most of the cells were in G~1~ phase, which is when APC/C^Cdh1^ is the most active, as shown in [Fig. 4](#F4){ref-type="fig"}, *B* and *C*. Collectively, these results strongly indicate that DDB1 may functionally regulate the activity of APC/C^Cdh1^.

![**DDB1 positively regulates the activity of APC/C^Cdh1^.** *A*, HeLa cells were transfected with Cdh1, DDB1, or scrambled siRNA for 48 h, and extracts were separated by SDS-PAGE and analyzed by Western blotting with the indicated antibodies (*n* = 2). *B* and *C*, HeLa cells transfected with DDB1 or scramble siRNA for 48 h were incubated with 100 nmol/liter of Gö6976 for 24 h. Some of the cells were collected for analysis by flow cytometry (*C*), and the rest of the cells were analyzed by Western blotting with the indicated antibodies (*B*). Note: the percentages of G~1~ phase cells are indicated (*n* = 2). *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase; *si-Cdh1*, Cdh1 siRNA; *si-DDB1*, DDB1 siRNA.](zbc0281020570004){#F4}

#### DDB1-Cdh1 Regulation of APC/C^Cdh1^ Activity Is Dependent on the APC/C Complex but Independent of Cul4

It has been reported that DDB1 interacts with multiple WD40-containing proteins, or DCAFs ([D]{.ul}DB1 [C]{.ul}ul4-[a]{.ul}ssociated [f]{.ul}actors), and forms the Cul4-DDB1-DCAF ubiquitin E3 ligase with Cul4 ([@B23]). Thus, it is possible that the DDB1-Cdh1 complex may function with Cul4 as a new E3 ligase, Cul4-DDB1-Cdh1, to target the tested substrates of APC/C^Cdh1^. To examine this idea, we constructed a Cdh1 mutant depleted of the C box and IR tail of Cdh1 (Myc-Cdh1-dCB-IR). Consistent with another report ([@B30]), this mutant failed to bind with Cdc27, the core subunit of APC/C, as shown in [Fig. 5](#F5){ref-type="fig"}*A*. However, this mutation did not alter its association with DDB1 ([Fig. 5](#F5){ref-type="fig"}*A*), suggesting that the APC/C complex is not required for the interaction of DDB1 and Cdh1. Notably, wild-type Cdh1, but not the Cdh1-dCB-dIR mutant, could rescue the function of Cdh1 when endogenous Cdh1 was depleted ([Fig. 5](#F5){ref-type="fig"}*B*). In addition, ectopic overexpression of wild-type Cdh1, but not Cdh1-dCB-dIR, enhanced the activity of APC/C^Cdh1^, as judged by the protein levels of APC/C^Cdh1^ substrates ([Fig. 5](#F5){ref-type="fig"}*C*). These results indicated that Cul4-DDB1-Cdh1 is unlikely to function as an independent E3 ligase to degrade the substrates of APC/C^Cdh1^.

![**DDB1-Cdh1 regulation of APC/C^Cdh1^ activity is dependent on the APC/C complex but independent of Cul4.** *A*, HeLa cells transfected with the indicated plasmids were lysed and analyzed as described in [Fig. 1](#F1){ref-type="fig"} (*n* = 3). *B*, Cdh1 or scrambled siRNA were transfected into HeLa cells for 24 h, and then the indicated plasmids were transfected for another 24 h. The cells were subjected to Western blotting as described in [Fig. 3](#F3){ref-type="fig"}*A* (*n* = 2). *C*, HeLa cells transfected with the indicated plasmids were lysed and subjected to Western blotting with the indicated antibodies (*n* = 2). *D*, HeLa cells were transfected with scramble, DDB1, Cdc27, Cul4A, Cul4B, or both Cul4A and Cul4B siRNA for 48 h, and extracts were separated by SDS-PAGE and detected by Western blotting with the indicated antibodies (*n* = 3). *WCL*, whole cell lysate; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase; *si-Cdh1*, Cdh1 siRNA; *si-DDB1*, DDB1 siRNA; *IP*, immunoprecipitation.](zbc0281020570005){#F5}

Because it is well documented that most characterized DDB1 functions are connected with Cul4, it is possible that the effect of DDB1 on the regulation of APC/C^Cdh1^ activity may also require Cul4. If this is the case, we speculated that the knockdown of Cul4A, Cul4B, or both would stabilize the substrates of APC/C^Cdh1^. However, as shown in [Fig. 5](#F5){ref-type="fig"}*D*, the substrates of APC/C^Cdh1^, such as Skp2 and Plk1, were only stabilized in the cell knockdowns of DDB1 or Cdc27 and not of Cul4A, Cul4B, or both, suggesting that DDB1 regulates the activity of APC/C^Cdh1^ independent on the Cul4-DDB1 complex. Therefore, we conclude that DDB1-Cdh1 regulation of APC/C^Cdh1^ activity is dependent on the APC/C complex but independent of Cul4.

#### Depletion of DDB1 Delays Mitotic Exit

APC/C^Cdh1^ plays a key role in mitotic exit and during G~1~ phase. If the above conclusion that DDB1-Cdh1 regulates APC/C^Cdh1^ activity is true, DDB1 should play an important role in mitotic exit. To assess this speculation, HeLa cells treated with siRNAs against DDB1, Cdh1, or scrambled RNA were synchronized in M phase using nocodazole and were released. The mitotic exit progression in these cells was monitored, as shown in [Fig. 6](#F6){ref-type="fig"}*A*. Mitotic exit was delayed in cells depleted of either DDB1 or Cdh1. In contrast, ectopic expression of DDB1 did not alter mitotic exit of the cells ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M109.094144/DC1)), indicating that adequate endogenous DDB1 protein may be present to execute its functions during mitotic exit. Unexpectedly, cells depleted of DDB1 were much slower to exit from M phase than those depleted of Cdh1, indicating that modulation of APC/C^Cdh1^ activity by Cdh1 binding only partially accounts for the delayed mitotic exit in cells depleted of DDB1. However, this conclusion must be made cautiously due to the likely incomplete knockdown of each protein by siRNA treatment.

![**Depletion of DDB1 delays mitotic exit in HeLa cells.** HeLa cells transfected with Cdh1, DDB1, or scrambled siRNA (*A*), or DDB1, DDB2, FBW5, β-TrCP, or control siRNA (*B*) were incubated with 100 nmol/liter Gö6976 and synchronized in M phase by incubation with 60 ng/liter nocodazole for 12 h. M phase cells selected by shake-off were released for the indicated time. Some of the cells were collected for analysis by flow cytometry (*A* and *B*, *left panel*), and the rest of the cells were analyzed by Western blotting (*WB*) or reverse transcription PCR (*RT-PCR*) as indicated (*A* and *B*, *right panel*). Note: the percentages of M phase cells are indicated (*n* = 2). *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.](zbc0281020570006){#F6}

The DDB1-Cul4-Roc1 E3 complex, when coupled with other adapter proteins, such as DCAFs and FWB5, could have a much broader target range than Cdh1, which may include mitotic regulators. Therefore, FBW5 ([@B22]) and DCAFs, such as DDB2 ([@B12]) and β-TrCP ([@B37]), were tested for their potential roles in mitotic exit. Interestingly, as shown in [Fig. 6](#F6){ref-type="fig"}*B*, mitotic exit was delayed in cells depleted of DDB2 or β-TrCP but not of FBW5. Notably, mitotic exit was much slower in the cells depleted of DDB1 compared with those depleted of DDB2 or β-TrCP, indicating that the DDB1-Cul4-Roc1 E3 complex, when coupled with DCAFs, including DDB2 and β-TrCP, could also potentially target mitotic regulators. Given that APC/C^Cdh1^ is critical for mitotic exit, DCAFs, including DDB2 and β-TrCP, may have important functions. It is possible that DDB2 or β-TrCP may also regulate APC/C^Cdh1^ activity. However, as shown in [supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M109.094144/DC1), the knockdown of DDB2, FBW5, or β-TrCP had no effect on the stabilities of the substrates of APC/C^Cdh1^, such as Skp2 and Plk1; therefore, this possibility was excluded. We conclude that DDB1 has a novel role in mitotic exit and that this function of DDB1 depends on Cdh1 and/or some DCAFs.

DISCUSSION
==========

In this report, we have uncovered a novel function of DDB1: the regulation of mitotic exit, partially through the modulation of APC/C^Cdh1^ activity by forming a complex with Cdh1. This new function of DDB1 does not depend on the Cul4-DDB1 complex, revealing that there may be cross-talk among DDB1, Cdh1, and Skp2 in the control of cell cycle division.

The APC/C ubiquitin E3 ligase complex plays crucial roles in mitotic exit by degrading mitotic cyclins and proteins, such as cyclin B1, Plk1, and Skp2. It has three statuses in terms of APC/C activity. It is inactive from S- to M phase and binds with Cdc20 to become active as APC/C^Cdc20^ from metaphase to anaphase. The active form switches into APC/C^Cdh1^ from anaphase to cytokinesis until G~1~ phase ([@B3][@B4][@B5], [@B7][@B8; @B9; @B10][@B11]). Thus, the precise regulation of APC/C^Cdh1^ activity is essential to ensure normal cell cycle progression and genome integrity ([@B38]). Indeed, there are multiple levels of governance for APC/C^Cdh1^ activity during the cell cycle. mRNA expression of Cdh1 is cell cycle-dependent. Cdh1 is degraded by APC/C^Cdh1^, which is down-regulated by proteolysis of its E2 ligase, UbcH10 in G~1~ phase ([@B39]). Emi1/Rca1 ([e]{.ul}arly [m]{.ul}itotic [i]{.ul}nhibitor/[r]{.ul}egulator of [c]{.ul}yclin [A1]{.ul}) inhibits activity of APC/C^Cdh1^ during the transition from G~1~ to S phase ([@B40], [@B41]). From S to M phase, the APC/C complex is inactive due to phosphorylation by Cdks, such as Cdk1 and Cdk2. In the metaphase-to-anaphase transition, APC/C^Cdh1^ is inhibited by its inhibitors, such as Mad2l2 ([m]{.ul}itotic [a]{.ul}rrest [d]{.ul}eficient-[l]{.ul}ike [2]{.ul}) ([@B42]). Recently, it was reported that CREB-binding protein may act as an E4 ligase to promote efficient substrate ubiquitination by APC/C ([@B43], [@B44]). Both retinoblastoma protein and MDC1 ([m]{.ul}ediator of DNA [d]{.ul}amage [c]{.ul}heckpoint 1) physically bind to multiple APC/C subunits and functionally regulate mitotic exit ([@B43], [@B45], [@B47]). In this report, we demonstrated that DDB1 physically binds with Cdh1 but not Cdc20, and this interaction seems to be physiologically important because Cdh1 may partially account the significant delay in mitotic exit in cells depleted of DDB1. However, how DDB1 affects the function of APC/C^Cdh1^ needs to be further investigated. Given that DDB1 is a scaffold protein that facilitates substrate recruitment for the DDB1-Cul4-Roc1 complex and that Cdh1 is also capable of recruiting substrates for APC/C^Cdh1^, we speculate that the DDB1-Cdh1 complex may promote more efficient substrate recruitment for APC/C^Cdh1^. Alternatively, DDB1 may act as an E4 ubiquitin ligase for APC/C^Cdh1^, similar to CREB-binding protein. It is worth noting that, in response to DNA damage, APC/C^Cdh1^ is reactivated to allow the elimination of the promitotic kinase Plk1, which is essential for the establishment and maintenance of an efficient G~2~ checkpoint ([@B28]). Considering that both MDC1 and DDB1 are important molecules in the G~2~/M checkpoint ([@B34], [@B43]), it would be very interesting to determine whether MDC1, DDB1, or both also may play a role in the reactivation of APC/C^Cdh1^ in response to DNA damage.

Strikingly, we also demonstrated that adapter proteins for DDB1-Cul4-Roc1 E3 ligase, such as DDB2 and β-TrCP, but not FWB5, may have important roles in mitotic exit. Cells depleted of DDB2 or β-TrCP, but not of FWB5, display slower exit from M phase compared with control cells but are much faster than cells depleted of DDB1. Furthermore, DDB2 or β-TrCP does not affect APC/C^Cdh1^ activity. Therefore, DDB1 plays a critical role in mitotic exit in at least two ways: by binding Cdh1 to modulate the APC/C^Cdh1^ activity and by coupling with DCAFs, such as DDB2 and β-TrCP, to target unidentified substrates that regulate mitotic exit or spindle checkpoints. However, neither the cell cycle profile nor mitotic exit is altered by DDB1 overexpression, indicating that endogenous DDB1 levels are adequate to execute its functions.

The cell cycle transitions are driven by waves of ubiquitin-dependent degradation of key cell cycle regulators. APC/C, SCF ([S]{.ul}kp1/[C]{.ul}ullin/[F]{.ul}-box protein), and DDB1-Cul4-Roc1 complexes are three major classes of ubiquitination ligases to fulfill the transitions, such as G~1~/S, G~2~/M, and M/G~1~ ([@B48], [@B49]). Skp2, an F-box protein, forms an SCF complex and is degraded by APC/C^Cdh1^ during G~1~ phase ([@B10]). The phosphorylated Cdh1 is a substrate of the SCF complex ([@B50]), indicating that there is cross-talk between APC/C and SCF complexes. The SCF complex cooperates with the Cul4-DDB1 complex to degrade p27, cyclin E, and Cdt1 during the cell cycle and in response to DNA damage ([@B15], [@B16]), indicating that there is cross-talk between SCF and Cul4-DDB1 complexes. Here, we provide evidence that DDB1 forms a complex with Cdh1 and regulates mitotic exit by modulating the activity of APC/C^Cdh1^, which demonstrates that there is a cross-talk between APC/C and Cul4-DDB1 complexes. However, this novel function of DDB1 is not dependent on the Cul4-DDB1 complex. Notably, p21 is targeted by Skp2, DDB1, and APC/C^Cdc20^ in G~1~, S, and M phase, respectively ([@B46]). Therefore, these three ubiquitination E3 ligases, Cul4-DDB1, APC/C, and SCF-Skp2, may actually be cross-talk in precisely governing cell cycle division.
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